Ce(IV) doped anatase TiO 2 nanoparticles (CDTs) were prepared and the underlying mechanism by which CDT nanoparticle enters into cell and its cytotoxicity were investigated in a human hepatocellular line L02 cell. The results showed that CDTs can enter into cytoplasm of L02 cell via endocytosis and nonendocytic ways. Large aggregation of CDTs went into cell by endocytosis and finally formed an endocytic vesicle with membrane boundary. Tiny aggregation of CDTs entered into cell cytoplasm via channels similar to that for lung-blood substance exchange in the alveolar-airway barrier. In addition, tiny aggregation of CDTs was observed in nucleus, and maybe CDTs could pass through the nucleus envelope via the channels provided by nuclear pore complexes (NPCs). Results from MTT assay, fluorescence microscope, and TEM observations showed that the cell viability, cell morphology, cell growth, and cell division periods could not be obviously impaired when cells were exposed to CDTs of different concentration from 30 to 150 μg mL −1 without UV irradiation. However, large vacuoles containing CDTs were found in cytoplasm, some structure changes were observed in mitochondria, and smooth envelope around the nucleus was shrank and deformed.
Introduction
TiO 2 was previously classified as biologically inert and has been widely used in the cosmetics, pharmaceutical, paint, and paper industries. However, the cytotoxicity of nanosized TiO 2 has caused wide concerns by scientists and engineers in the last decades.
Several studies [1] [2] [3] [4] have shown that the cytotoxicity of nanosized TiO 2 was very low or negligible as compared with other nanoparticles. The size was not the effective factor of cytotoxicity [4] . Without UV irradiation, nanosized TiO 2 showed no inflammatory effect or genotoxicity in rats [5] and induced no DNA damages in human cells [6] . In contrast, several studies [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] showed the cell cytotoxicity of nano-TiO 2 in vitro. For example, Oberdörster et al. [7] reported that chronic pulmonary inflammation in the rat could be induced by nanosized TiO 2 required the presence of alveolar macrophages. De Virgilio et al. [8] concluded that the presence of TiO 2 nanoparticle in the cell surroundings could lead to cytotoxic effects, which are dependent on the chemical composition, the concentration of the nanoparticles, the exposure time, and the type of treated cell. Rahman et al. [9] reported that in human and rat alveolar macrophages, the level of reactive oxygen species increased after exposure to nanosized TiO 2 . The results of Jin et al. [10] showed that the weakly aggregated anatase TiO 2 nanoparticles in solution could induce significant cytotoxicity in L929 cells. In Syrian hamster embryo fibroblasts, ultrafine TiO 2 alone resulted in micronuclei formation and apoptosis [11] . Lai et al. [12] found that TiO 2 micro-and nanoparticles induced cell death on both human astrocyteslike astrocytoma U87 cell and normal human fibroblasts in a concentration-related manner. Nanosized TiO 2 was also reported to affect gene expressions including an apoptosisrelated gene [13] , especially the following several latest reports supported the genotoxicity of nanosized TiO 2 . Wang et al. [14] reported that ultrafine TiO 2 can cause genotoxicity and cytotoxicity in cultured human cells. Reeves et al. [15] 2 Journal of Nanomaterials reported that nanosized TiO 2 (0.1-1000 μg mL −1 ) with UVA irradiation (0.5-2.0 kJ m −2 ) could cause a significant cell viability decrease on gold fish skin cell and further increase in DNA damages. Vevers and Jha [16] also reported the similar results; without UVA irradiation, there is little oxidative DNA damage of RTG-2 cells of fish exposure to TiO 2 -engineered nanoparticles, whereas a significantly increased level of DNA strand brend breaks was observed in combination with UVA irradiation (3 kJ m −2 ). Anatase TiO 2 has a wide band gap about 3.2 eV, and doping with impurities has been widely used to modify the photocatalysis of TiO 2 by introduction of new states in its electronic structure [17, 18] . In particular, for the unique 4f electron configuration, lanthanide metal ions are ideal dopants to promote a higher producing rate of reactive electron/hole pairs [19] [20] [21] . But as a kind of engineering application nanoparticle, the cell cytotoxicity of lanthanide ion doped nano-TiO 2 should be evaluated.
In this paper, Ce (IV) doped TiO 2 nanoparticles (CDTs) were prepared by impregnation method, the cell viability, cell morphology, and cell ultrastructure of L02 cells after exposure to CDTs were examined, and the pathways by which CDTs enter into L02 cells also were investigated.
Materials and Methods

Preparation and Characterization of CDT Nanoparticles.
The CDTs were prepared by impregnation technique. A required amount of nanosized anatase TiO 2 was added into milli-Q water, sonication for 15 minutes, then the cerium sulphate [Ce(SO 4 ) 2 ] aqueous solution was slowly dropped into it under stirring at 60
• C for 2 hours; the mixture was filtered, dried at 120
• C for 2 hours, and finally calcined at 500
• C for 3 hours. The CDTs were characterized by high solution transmission electron microscopy (HRTEM, JEOL JEM 2010, Cs = 0.5 mm, point resolution = 0.19 nm) with a beryllium window energy-dispersive (EDS) detector. The crystallization of CDTs was analyzed by X-ray diffraction (XRD, Rigaku D/max2500).
Preparation of CDTs Suspension.
Firstly, the CDTs were sterilized by autoclaving at 121
• C for 30 minutes, then the CDT powder was weighed and resuspended into milli-Q purified water by ultrasonic dispersion method; the suspension was deposited for 30 minutes, then we took the upper of suspension for the next cytotoxicity experiments because of its better dispersibility compared to the lower of suspension. The particle concentration is determined by the following method. After taking away the upper finely dispersed suspension, the weight of CDTs in the remained suspension can be gained through boiling off the water of the suspension, so the weight of CDTs in the finely dispersed suspension can be calculated and the suspension's concentration is also gained. Finally we diluted the gained finely dispersed suspension with Dulbecco's modified Eagle's medium (DMEM, Gibco) for appropriate concentration for the latter using. All experiments were repeated 6 times to ensure reproducibility. Experiment data were analyzed by using twotailed paired t-test statistical analysis method.
Cell Morphology.
Cell morphology was investigated by fluorescence microscope and transmission electron microscopy (TEM). For fluorescence microscope observations, after culturing in different media, L02 cells were gently washed with phosphate-buffered saline (PBS) and then fixed in cold ethanol for 15 minutes; after thorough drying; they were stained with Hoechest-33258 (Sigma, 2.5 mg mL −1 ) for 5 minutes. Fluorescence microscopic observations were performed by using Olympus BX60 which was equipped with Olympus DP50 digital camera.
For TEM observations, L02 cells were seeded in 75 cm 2 glass culture flask with 10 mL DMEM media for overnight, then the cells were cultured with the DMEM medium containing 150 μg mL −1 concentration of CDTs. In control experiments, medium without CDTs was used. L02 cells were gently washed with PBS and fixed with 0.5%, 3.0% glutaraldehyde in PBS at 4
• C for 1 hour, respectively, then postfixed in the media containing 1% osmium tetroxide and 1.5% potassium ferrocyanide for about 1 hour. After thorough washing with PBS, the cells were sequentially dehydrated for 10 minutes each in 50%, 70%, 95%, and 100% ethanol. Finally, the fixed samples were embedded in araldite resin. Serial ultrathin sections (approximately 60 nm in thickness) were gained by ultramicrotome and were stained with uranyl acetate and lead citrate. microstructure of cells was examined by TEM (JEOL JEM-1200 EX electron microscope, Tokyo, Japan).
Results and Discussions
Characterization of CDTs.
The average particle size of CDTs can be estimated as about 15 nm in the HRTEM measurement (Figure 1(a) ). EDS result was shown in Figure 1 (b), which indicated that the sample consisted of Ce, Ti, and O elements (Cu element was from the copper grid support). XRD pattern of CDTs in Figure 1 (c) showed that the crystalline structure of CDTs was still anatase phase and no rutile TiO 2 or cerium dioxide phase was found, which meant that cerium doping made no change on the anatase structure of original TiO 2 nanoparticles.
Cytotoxicity of CDTs.
The results of MTT assay were shown in Figure 2 . The results showed that the cell viability was above 80% when cells were exposed to CDT nanoparticles of different dose from 30 to 150 μg mL −1 for 24, 48, and 72 hours, respectively. There is only a slightly decrease in relative growth rate as dose increases from 30 to 120 μg mL −1 . The latest investigations [15, 16] strongly supported that nanosized TiO 2 could cause a significant cell viability decrease with UVA irradiation. In our experiments, the cell viability cannot be significantly impaired when L02 cells are exposed to CDT nanoparticles; lack of UV irradiation may be the main reason. (Figure 3(c) ), and the cell indicated by arrow in Figure 3 (c) was in the middle and later periods of cell division. Figure 3(b) showed that cells in the control group were in normal growing conditions. In Figure 3(d) , the cell indicated by the upper arrow was in the later periods of cell division, and the cell indicated by the lower arrow was in the middle periods of cell division. The above analysis showed that, both in treated group and control group, most of the cells appeared with the similar morphology and only the proliferation period was different. Which meant the cell morphology and cell growth could not be obviously influenced when L02 cells were exposed to CDTs; the result is the same as that of MTT assay. Ultrastructure of L02 Cells exposed to CDT nanoparticles had shown some differences with that of control cells ( Figure 5 ). The appearance of normal L02 cell is oval shaped and the size is about 12 μm; its ultrastructure was shown in Figure 5 (a). The cell nucleus was round with smooth envelope, rough endoplasmic reticulum (RER) and numerous free ribosomes and polysomes were distributed in the cell cytoplasm, meanwhile, round or elongated mitochondria (indicated by the arrows in Figure 5(a) ) also scattered in the cytoplasm; distinct cristae could be found in the inner membrane of mitochondria. However, in the ultrastructure of treated cell ( Figure 5(b) ), some large vacuoles in which there were aggregations of CDTs were found in cytoplasm; some membrane boundaries of these vacuoles became illegible and some membrane boundaries were broken, which led to leaking out of CDT nanoparticles. In addition, it seemed that microstructure of mitochondria was influenced by these CDTs, and the shape of mitochondria (indicated by the arrows in Figure 5 (b) was changed, in which the cristae became short or disappeared. Furthermore, In Figure 5 (c), it was shown that the smooth envelope around the nucleus was shrank and deformed when the cells were exposed to CDT nanoparticles. Cellular necrosis also was found in treated group ( Figure 5(d) ).
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Uptake Pathway of CDTs in L02 Cells.
From the above results of TEM, we found that CDT nanoparticles could enter into L02 cells. It is difficult to gain the living observations of nanoparticles going into cells, so the possible pathways by which CDT nanoparticles went into L02 cells were discussed by analyzing the TEM images.
We found that several CDT nanoparticles could easily gather into a finely ground particle (FGP), and the average size of FGP estimated from the TEM images is about 200 ± 50 nm. And the finely ground particles (FGPs) normally appeared as large aggregations or tiny aggregations in the cells (Figures 4 and 5) . We can deduce that these large undispersed nanoparticles got into cells by endocytosis of cell membrane, the regions pointed by the arrows in Figure 6 (a) showed that the endocytosis action was happening, and then an endocytic vesicle with membrane-bound was formed in cytoplasm. By the way, these large gathering CDTs were found only in cytoplasm not in nucleus.
Clear magnifications of rectangle regions 1, 2, and 3 were shown in Figures 6(b All of these proved that a tiny aggregation of FGPs can directly cross the cell plasma membrane. The way it adopted might be transporting via the channels of substance exchange between the cell and external environment, which was like those for lung-blood substance exchange in the alveolarairway barrier. The investigations of Conhaim et al. [22] showed that the alveolar-airway barrier consisted not only of tight intercellular junctions that allowed passage of only water and electrolytes but also of a smaller number of large leaks that allowed passage of particles up to nearly 400 nm in radius, maybe similar channel can exist in L02 cells. The shape of tiny aggregation of FGPs pointed by the arrow in Figure 6 (b) is like a chain, of which the length is about 220 nm and the width is about 75 nm, so the tiny aggregation of FGPs could carry out the transmembrane action via pores. This kind of passive uptake, not triggered by receptorligand interactions, might be activated by electrostatic, Van de Waals, or steric interactions, which were subsumed under "adhesive interactions" by Rimai et al. [23] .
The FGPs found in nucleus might be attributed to that the CDT nanoparticle passed through the envelope via the channels provided by nuclear pore complexes (NPCs). Although the channel provided by NPCs is about 9 nm in diameter [24] , Panté and Kann reported [25] that ultrafine gold particles coated with cargo-receptor complexes of up to 39 nm in diameter could pass through the NPCs by signal-mediated transport in xenopus oocytes. In our investigations, the particle size of CDTs is about 15 nm, so it had the ability to pass through the pores. But passing through NPCs needs a signal-mediated mechanism; the mechanism for CDT nanoparticles is not clear and needs further investigation.
In sum, it is very likely that CDT nanoparticles aggregated at cells surface, large aggregations were engulfed by L02 cells by endocytosis and tiny aggregations or even a single nanoparticle could carry out the transmembrane action directly via pores, then a single CDT nanoparticle could enter into nucleus through NPCs channels.
Conclusions
(1) Anatase CDTs of mean size about 15 nm were prepared by using impregnating method. Cell viability, cell morphology, cell growth, and cell division periods cannot be influenced when L02 cells are exposed to CDTs of different doses from 30 to 150 μg mL −1 without UV irradiation for 24, 48, and 72 hours, respectively. But the ultrastructure of cells has been changed by exposure to CDTs, nucleus was shrank in size and nuclear envelope was deformed, large vacuoles containing CDTs were found in cytoplasm, and the shape of mitochondria was also changed, in which the cristae became short or disappeared.
(2) CDT nanoparticles aggregated at the surface of cells, several CDT nanoparticles easily gathered into a finely ground particle (FGP) with mean size about 200 ± 50 nm, large aggregations of FGPs entered into L02 cells by endocytosis, and tiny aggregations of FGPs or even a single CDT could cross the cell membrane directly through the channels for mass exchange between the cell and external environment; this action might be activated by adhesive interactions consisting of electrostatic, Van de Waals, or steric interactions, and so forth. Then single CDT nanoparticle could enter into nucleus through nuclear pore complexes (NPCs) channels.
